Background: Epidemiological and laboratory studies suggest that β-blockers may reduce cancer progression in various cancer sites. The aim of this study was to conduct the first epidemiological investigation of the effect of post-diagnostic β-blocker usage on colorectal cancer-specific mortality in a large population-based colorectal cancer patient cohort. Patients and methods: A nested case-control analysis was conducted within a cohort of 4794 colorectal cancer patients diagnosed between 1998 and 2007. Patients were identified from the UK Clinical Practice Research Datalink and confirmed using cancer registry data. Patients with a colorectal cancer-specific death (data from the Office of National Statistics death registration system) were matched to five controls. Conditional logistic regression was applied to calculate odds ratios (OR) and 95% confidence intervals (95% CIs) according to β-blocker usage (data from GP-prescribing records).
introduction β-Blockers are used to treat heart disease and hypertension but recent evidence suggests they may protect against cancer progression. β-Blockers act by inhibiting β-adrenergic receptors, which are expressed by various cancer types including breast, pancreatic and colon cancers [1] [2] [3] . β-Adrenergic signalling has been shown to be relevant in cancer progression [4] [5] [6] . In vitro studies have demonstrated that β-blockers can inhibit cancer cell proliferation, invasion and resistance to apoptosis [4, [7] [8] [9] . A study found that colorectal tumour cell growth in mice and cell proliferation in colorectal cancer cell lines were inhibited by the β-blockers propranolol and atenolol, respectively [10] .
Norepinephrine has been shown to induce the migration of colon carcinoma cells, a process inhibited by the non-selective β-blocker propranolol suggesting β-blockers could be a useful treatment of colorectal cancer [3] .
Epidemiological studies have shown reductions in cancerspecific mortality with post-diagnostic β-blocker use for breast [11, 12] , lung [13] , prostate [14] and ovarian cancers [15] . Despite these findings and in vitro evidence for colon cancer [3] , epidemiological studies have not investigated the effect of β-blocker use on cancer-specific mortality in colorectal cancer patients. Despite this lack of epidemiology, a phase III clinical trial is underway, investigating the effect of the β-blocker propranolol on recurrence in colorectal cancer patients. However, this study will take several years to report (estimated 2017) , includes a relatively small number of colorectal cancer patients (200 in the β-blocker group), is investigating a specific drug ( propranolol), used in a specific time period (20 days in total, pre-and post-surgery) in early disease [16] . Evidence from well carried out observational studies is therefore required to inform future studies.
Our study is the first to investigate the effect of postdiagnostic β-blocker usage on colorectal cancer-specific mortality in a large prospective UK population-based cohort of colorectal cancer patients and importantly will investigate a range of β-blocker medications, time points and cancer stages.
methods study design
A cohort study was conducted availing of recent linkages between the National Cancer Data Repository (NCDR), Clinical Practice Research Datalink (CPRD, formerly GPRD) and the Office of National Statistics (ONS).The NCDR comprises all English cancer registries including data on date, site of primary cancer diagnosis, stage and treatment data. The CPRD is the world's largest computerized database of anonymised longitudinal patient records comprising ∼6% of the UK population including demographic information, clinical diagnoses and details of issued prescriptions which is of documented high quality [17] . CPRD also contains ONS mortality data which provides the date and cause of death up to 2011. Ethical approval for all observational research using CPRD has been obtained from a multicentre research ethics committee.
Linkages were conducted using a deterministic algorithm based upon NHS number, gender, date of birth and postcode. Colorectal cancer cases were included if they had a CPRD colorectal cancer diagnosis code confirmed by an NCDR colorectal cancer diagnosis (including ICD codes C18 for Colon and C19/C20 for rectum) from 1998 to 2007. Individuals with a previously recorded cancer diagnosis with the exception of in situ neoplasms and non-melanoma skin cancers were excluded.
exposure data β-blockers were determined from GP prescribing data and defined as drugs classified in the British National Formulary (BNF) chapter 2.4. Using prescriptions, daily defined doses (DDD) were calculated on the basis of quantity and strength (http://www.whocc.no/atc_ddd_index/?Code=C07A). A quantity of 28 tablets was assumed for ∼5% of prescriptions where quantity was missing or inconsistent.
confounders
Cancer stage and treatment within 6 months after diagnosis (surgery, chemotherapy and radiotherapy) were determined from NCDR data. Smoking, alcohol consumption and body mass index (BMI) were determined from the closest GP record before a colorectal cancer diagnosis (records older than 10 years were ignored). Comorbidities before and during the exposure period were determined from GP diagnosis codes based upon nine of the most common diagnoses contributing to a CPRD adaptation of the Charlson comorbidity index [18] .
data analysis
This cohort was analysed both using a nested case-control approach, a common approach, e.g. [19] which accounts for immortal time bias [20] without requiring complicated statistical techniques [21] (therefore is easier to understand and communicate to a clinical audience) with minimal loss of precision [22] , and a time varying covariate approach, described later. Those who had died due to colorectal cancer (on the basis of a colorectal cancer ICD code as the underlying cause of death including C18, C19, C20, C21, C26.0, C26.8, C26.9 and equivalent ICD 9 codes) were considered cases. These were matched on sex, age (in 5-year intervals), year of cancer diagnosis (in 2-year intervals) and site (colon or rectum, including the rectosigmoid junction) to five risk set controls who lived at least as long after their cancer diagnosis as their matched case. The exposure period in cases was that from colorectal cancer diagnosis until 6 months before cancerspecific death and for controls was the same duration after diagnosis. Prescriptions within 6 months before death were removed as these may reflect end-of-life treatment. Analyses were restricted to individuals surviving at least 1 year after diagnosis to provide at least 6 months of exposure period and for biological plausibility. Analysis were conducted on β-blocker usage in the year (3 and 5 years) before cancer diagnosis.
Conditional logistic regression was used to compare the risk of colorectal cancer-specific death by β-blocker usage, calculating odds ratios (ORs) and 95% confidence intervals (95% CIs). Adjusted analyses were conducted including adjustment for potential confounders. Similar analyses were conducted for all-cause mortality.
time-varying covariate analysis
The entire colorectal cancer cohort, before conversion to case-control data, was analysed applying survival analysis to investigate β-blocker use as a time varying covariate [20] (after 1 and 12 prescriptions, applying a 6-month lag to exclude prescriptions in the 6 months before death and ignoring the first year after cancer diagnosis). Using this approach, analysis was conducted adjusting for competing risk of deaths from other causes, using competing-risks regression based upon the Fine and Gray's proportional sub-hazards model [23] .
additional analysis
Sensitivity analyses were conducted investigating individuals who used β-blockers after diagnosis to 1 year before death and β-blocker users 1 year after diagnosis to 6 months before death. Analyses were stratified by pre-diagnostic β-blocker use, stage and site (colon or rectum/rectosigmoid junction), re-matching where necessary. Further analysis compared β-blocker users to non-users who used any anti-hypertensive medications in the year before diagnosis including diuretics, β-adrenoceptor blocking drugs, vasodilator antihypertensive drugs, centrally acting antihypertensive drugs, α-adrenoceptor blocking drugs, angiotensin-converting enzyme inhibitors, angiotensin 2 receptor antagonists, renin inhibitors and calcium channel blockers.
An a priori power calculation based upon predicted numbers and β-blocker usage estimated we would have 80% power to detect at the 5% level an OR of 0.80 for cancer-specific mortality. The final analysis contained 1559 colorectal cancer-specific deaths and 7531 matched controls and allowed over 80% power to detect as significant an OR of 0.80 in β-blocker users. All analyses were conducted using STATA 11 (StatCorp, College Station, TX).
results

patient cohort
Seven thousand and seventy-eight primary colorectal cancer patients were identified in CPRD and confirmed by NCDR diagnosis during 1998 and 2007. Of these, 446 were excluded as their diagnosis date preceded CPRD quality records. Eighty-one colorectal cancer patients were excluded because death registration coverage was not available. A further 1757 patients were excluded who had less than 1-year follow-up. The final cohort comprised 4794 colorectal cancer patients in which there were 1577 colorectal cancer-specific deaths. The average followup time in the cohort in those not dying was 6.2 years (range 1-13.9 years). Converting to a nested case-control dataset resulted in 1559 colorectal cancer-specific deaths (cases) and 7531 controls.
patient characteristics
The characteristics of colorectal cancer-specific deaths (cases) and controls are detailed in Table 1 . The average time from diagnosis to colorectal cancer-specific death was 3.0 years (range 1-12.5). Cases had higher stage (P < 0.001), higher grade (P < 0.001), higher rates of chemotherapy (P < 0.001) and radiotherapy (P < 0.001) and lower rates of surgery (P < 0.001). There was little difference in other characteristics between cases and controls with the exception of congestive heart disease which was more common among cases (6.0% versus 4.6%).
association between post diagnostic β-blocker use and CRC mortality
The proportion using β-blockers after diagnosis was similar in colorectal cancer-specific deaths and controls (21.4% versus 23.7%, respectively; OR = 0.89; 95% CI 0.78-1.02; P = 0.11) ( Table 2 ). There was no evidence of a dose response relationship between colorectal cancer-specific death and β-blocker use. No association was seen when restricting to non-cardioselective β-blockers (OR = 0.95; 95% CI 0.70-1.28; P = 0.72), cardioselective β-blockers (OR = 0.90; 95% CI 0.78-1.03; P = 0.13) or those which exhibit ISA activity (OR = 0.86; 95% CI 0.33-2.23; P = 0.76). Associations were seen with carvedilol (adjusted OR = 3.48; 95% CI 1.50-8.11; P < 0.01)) and sotalol (adjusted OR = 0.43; 95% CI 0.19-0.95; P = 0.04); however, these subgroups contained small numbers (28 carvedilolusers and 78 sotalol users on restricting for stage). Atenolol exhibited a reduction in risk of colorectal cancer-specific death (OR = 0.83; 95% CI 0.71-0.96; P = 0.02); however, this effect was slightly attenuated and no longer remained significant after adjustment for potential confounders (OR = 0.86; 95% CI 0.72-1.04). Adjusting for potential confounders did not notably alter other estimates.
The Cox proportional hazards analysis of post-diagnostic β-blocker use as a time varying covariate gave similar results with no evidence of association for any β-blocker use (HR = 0.90; 95% CI 0.78 -1.03; P = 0.08), or for propranolol (HR = 1.32; 95% CI 0.88-1.98; P = 0.18) (see Table 3 ). Also, additional adjustment for competing risks of death made little difference to the overall result. There was evidence of a small reduction in all-cause mortality in β-blocker users (adjusted OR = 0.88; 95% CI 0.77-1.00; P = 0.04). This association was similar in categories by prescription frequency or DDDs (Table 4) . Analysis by β-blocker drug types revealed that the reduction in all-cause mortality was largely due to a reduction in mortality in atenolol users (adjusted OR = 0.79; 95% CI 0.69-0.92; P ≤ 0.01). Further analysis revealed that this effect was partly due to marked effects of atenolol on cardiovascular mortality (i.e. deaths were the underlying cause was cardiovascular) (adjusted OR = 0.62; 95% CI 0.40-0.97; P = 0.04, data not shown).
association between pre-diagnostic β-blocker use and CRC mortality 20.07% (338/1684) of cancer-specific deaths and 21.34% (1726/ 8089) of controls used β-blockers in the year before diagnosis demonstrating little evidence of association (OR = 0.93; 95% CI 0.80-1.08; P = 0.33) ( Table 3) . Similar analyses by type and investigating β-blockers over longer periods (3 and 5 years) showed little evidence of association.
sensitivity analysis
The estimates remained similar when the exposure period was altered, when restricting controls to those who used other antihypertensive medications before diagnosis, when stratifying by type and early stage (Table 3) .
discussion
In this large population-based cohort study of colorectal patients, we did not observe an association between β-blocker use and colorectal cancer-specific death. Limited evidence was found to suggest a small reduction in the risk of all-cause mortality in β-blocker users, particularly atenolol users. However, this association was partly due to marked associations between atenolol and cardiovascular mortality. This is the first epidemiological study to assess colorectal cancer-specific mortality and β-blockers. However, a recent study of a GP-diagnosed colorectal cancer cohort using a different UK primary care database [24] found no evidence of an association between β-blocker use (before diagnosis) and allcause mortality (HR = 1.00; 95% CI 0.77-1.30). Our findings are not inconsistent with their result but any difference in estimates could reflect fewer colorectal cancer cases (n = 619) and deaths Model 1 includes treatment within 6 months including surgery, chemotherapy and radiotherapy), pre-and post-diagnostic comorbidities (including myocardial infarction, cerebrovascular disease, congestive heart disease, chronic pulmonary disease, peripheral vascular disease, peptic ulcer disease and diabetes) pre-diagnostic smoking (missing category included) and stage, restricted to individuals with complete staging information (1258 cancer-specific deaths and 6033 controls). a β-Blocker use modelled as time varying covariate with an individual considered a non-user before 6 months after first (or before 365 days of use) and a user after this time (see methods section for more details).
Annals of Oncology original articles
Reported estimates are hazard ratios and 95% CIs, adjusted for age (as continuous), year of colorectal cancer diagnosis (as continuous), site of cancer (colon or rectum/recto-sigmoid junction), gender, stage, prediagnostic comorbidities (including myocardial infarction, cerebrovascular disease, congestive heart disease, chronic pulmonary disease, peripheral vascular disease, peptic ulcer disease and diabetes), prediagnostic smoking and treatment within 6 months of diagnosis (surgery, chemotherapy and radiotherapy), unless otherwise stated. b Adjusted for sex, age (as continuous) and year of cancer diagnosis (as continuous).
c
Reported estimates are sub-distribution hazard ratios and 95% CIs, accounting for competing risks of death from other causes and adjusting for age (as continuous), year of colorectal cancer diagnosis (as continuous), site of cancer (colon or rectum/recto-sigmoid junction), gender and stage.
d Analysis are adjusted for stage, treatment within 6 months of diagnosis (surgery, chemotherapy and radiotherapy), pre-diagnostic comorbidities (including myocardial infarction, cerebrovascular disease, congestive heart disease, chronic pulmonary disease, peripheral vascular disease, peptic ulcer disease and diabetes) and smoking (pre-diagnosis with missing as an included category).
e Restricted to individuals with 2 years of medication records before diagnosis, not excluding deaths in the year after diagnosis. f Restricted to individuals with 3 years of medication records before diagnosis, not excluding deaths in the year after diagnosis. g Restricted to individuals with 5 years of medication records before diagnosis, not excluding deaths in the year after diagnosis. h All sensitivity analyses refer to β-blocker usage in the time period from colorectal cancer diagnosis to 6 months before death, and are adjusted for stage, treatment within 6 months of diagnosis (surgery, chemotherapy and radiotherapy), comorbidities pre-diagnosis or during follow-up, including myocardial infarction, cerebrovascular disease, congestive heart disease, chronic pulmonary disease, peripheral vascular disease, peptic ulcer disease and diabetes) and smoking (pre-diagnosis with missing as an included category), unless otherwise stated. i Restricted to individuals with at least 1.5 years follow-up so relevant exposure period is at least a duration of 6 months. j Restricted to individuals with at least 2 years follow-up so relevant exposure period is at least a duration of 6 months. k Restricted to individuals with at least 1 year's medication records who used other antihypertensive medications in the year before diagnosis. Antihypertensive medications include diuretics, vasodilator antihypertensive drugs, centrally acting antihypertensive drugs, α-adrenoceptor drugs, β-adrenoceptor drugs, angiotensin converting enzyme inhibitors, angiotensin 2 receptor antagonists, renin inhibitors and calcium channel blockers.
in their study, their lack of linkage to cancer registries, their inability to account for potentially important confounders such as stage and treatment or the exclusion of patients with strong indications for β-blockers. The associations with carvedilol and sotalol differ despite both being non-cardioselective β-blockers. These associations are likely to be due to chance because of small numbers within subgroups; however, it is possible that these drugs may increase or decrease the risk of colorectal cancer death, respectively.
Our study has several strengths. It is large allowing power to detect even relatively weak associations. Linkage with NCDR and ONS data allowed robust verification of cancer diagnosis and death data, respectively. Using GP prescribing data allowed for temporal relationships to be investigated ruling out any recall bias that exists in questionnaire-based studies. A further strength is that, as β-blockers are not available over the counter in the UK, we will have captured most usage.
Although consumption cannot be guaranteed when using prescriptions, null associations in our analysis of 12 or more prescriptions indicate that non-compliance is unlikely to be affecting our findings. Another weakness is possible bias due to misclassification of cancer-specific death. However, a recent methodological study concluded that in comparative studies where misclassification is unlikely to be differential, as in our study, it is unlikely to impact greatly upon results [25] . Another weakness is the possibility of residual confounding. Although we adjusted for important potential confounders such as sex, stage, treatment and other co-morbidities, we could not adjust for others such as socioeconomic status. Confounding by indication is often a problem in pharmaco-epidemiology; however, in our analysis, we compared β-blocker users to users of other antihypertensive medications to reduce the possibility of such bias.
In conclusion, in this large population-based study, we did not find an association between β-blocker use and colorectal cancer-specific mortality.
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